Micromachined transformers are complex devices. Conductors, insulators and magnetic materials are manufactured on the same substrate, thus leading to transformer structures often with many manufacturing levels. We describe here a new low cost solution to make quasi-planar transformer structures. The primary and secondary coils are manufactured separately and assembled by flip-chip technology. This novel structure allows a single conductor level process. The influence of different parameters of the design on expected performances is discussed. A set of transformers was made with 1 µm thick Al conductors to assess the process validity. First measurements were carried out. A current mode operation was tested and showed an output voltage proportional to the operation frequency up to 10 MHz. Tests were carried out under no-load conditions and with resistive load (1 k and 470 values). A resonance mode appeared for frequency above 15 MHz but was not measured.
Introduction
Coils and transformers are basic components in electronic devices. Integrating transformers in electronic ICs is usually done with planar structures but the resulting efficiency is low. A lot of work has been done recently in order to overcome this drawback. Some processes have been studied both by realizing a thick integrated magnetic circuit and by realizing high thickness coils by copper electrodeposition [4] [5] [6] [7] 9] . Both techniques have shown good results. Some realizations of 3D coils and transformers have been reported in [8, 11, 12] .
Sullivan and Sanders showed in [10] that using magnetization in the wafer plane increases magnetic field strength and lowers losses in magnetic layers. How to take advantage of this property is investigated by creating new transformer or inductor structures with geometries adapted to micromachining techniques (Brunet et al [1] ). Other manufacturing strategies have been investigated in [13] .
A novel low-cost transformer structure is presented here. Coils for primary and secondary windings are made separately and assembled by a flip-chip (MCM) process. Since both coils are on separate planes, any transformation ratio can be obtained. Furthermore, the dielectric layer between the primary and secondary windings is air.
A validation set of transformers was designed and made with 1 µm thick Al conductors. Preliminary results obtained with this quasi-single level fabrication are presented. Figure 1 shows a traditional planar high frequency transformer. To maximize the coupling factor, primary and secondary coils are interleaved. As the two coils are on the same level, the number of turns is the same for both coils, so the transformation ratio cannot be freely chosen. For such a design, the best way to improve the transformer output is to use thicker conductors.
Device principle

Traditional design
Coil interleaving implies that the silicon surface is shared between primary and secondary coils. Thus, in the case where primary and secondary conductors have the same width, the conductor section is divided by two, and conductor resistance is multiplied by a factor of two. A three-level process can be used to have contacts on the side of the coil (i.e. not in the center).
In order to increase the efficiency per surface unit, multilayer transformers (figure 2) have been realized by Yamaguchi et al [4] . A multilayer component requires at least a six-level manufacturing process: two conductor levels, two insulator levels and two contact extraction levels (figure 2). The first insulator level can be made by wet oxidation of the base silicon substrate. The following levels require processes on surfaces with patterned conductors.
Shape considerations
The strategy proposed here is to make primary and secondary coils separately, and, after making conductors, to manufacture the transformer with a flip-chip process. The coil manufacturing process can be reduced to one insulator level and one single level conductor. Figure 3 shows an illustration of the final step of the manufacturing process: coils assembly by the flip-chip process.
The design shown in figure 3 assumes that primary and secondary coils do not have the same size. Although this reduces the magnetic coupling factor between primary and secondary coils, it allows the realization of a transformer with a single conductor level process (no via is required). The influence of coil overlap is discussed later.
It can be noted that in this technique, the material between coils is air, whose relative permittivity is 1, so the equivalent capacitor between primary and secondary coils will be minimized for a given design. Figure 4 summarizes the evolution of the ratio of the magnetic field detected by the secondary coil while the primary coil is fed with dc current, as a function of the distance between coils. Both coils are assumed to have the same size. As expected, the coupling factor, and consequently the transformer efficiency, decrease as the coil gap distance increases. The distance between coils using a flip-chip technique is around 100 µm. This distance cannot be controlled precisely. The simulation shows that approximately 85% of the field created by the primary coil will be detected by the secondary coil.
Specific design aspects
The design proposed here is a single-level low-cost, single conductor level process: neither via nor bridge needs to be realized. The counterpart is a drop in maximum efficiency obtainable with flip-chip assembled structures, since coils will not have the same size. Within this constraint, the shape of the transformer should be designed so as to guarantee that a high percentage of the coils face each other. A reserved space must be left to make the contact pads in the centre of the lower coil.
Windings must be kept outside the space reserved for contacts. The space left for windings is determined by the spacing between inner and outer pads, as shown in figure 5 . the coils is larger. In the ideal case, distance A is much smaller than distance B, leading to a quasi-2D structure.
Other restrictions are to be considered, since design rules define each distance. For example, the distance between edges and pads cannot be as low as desired.
First test devices
Transformer description
A first device set was designed. The support coils are 8.3 mm × 2 mm, and the upper coils are 7 mm × 2 mm. When coils are assembled, overlap is 84%. A coupling factor of 71% can be estimated according to the overlap factor and the leakage flux due to the distance between coils.
Clean room manufacture was carried out at CNM. The substrate was 4 Si wafer, covered with a 1 µm thick wet thermal oxide. A 1 µm thick metal layer of aluminum was deposited and patterned by a photolithography step. An insulator coating (oxide or nitride) was deposited by PECVD. A second photolithography step allowed the opening of windows in the insulator layer. A third photolithography step was carried out after covering the substrate by Ti/Ni/Au to make contacts.
The final step in the process was the dicing of the substrate into individual coils. The transformer was then obtained by assembling the primary and secondary coils using a flip-chip process ( figure 3) .
Several transformer types have been made. For the structures shown here, four lower coil and four upper coil models have been made. These coil combinations allow us to obtain up to 16 different configurations. The transformers presented in this paper are two models from the whole set. Their configuration is given in table 1.
A picture of assembled coils is shown in figure 6 . The measurements were realized with A-1-1 and B-1-2 transformer types. A-1-1 transformer has sixty-six 4 µm wide windings for the bottom coil and twelve 48 µm wide windings for the upper coil. B-1-2 transformer has forty-four 8 µm wide windings for the bottom coil and twelve 48 µm wide windings for the upper coil. The measured resistance of the secondary (lower) coil is 4.4 k and the primary (upper) coil resistance value is 100 for the A-1-1 transformer.
The output voltage and phase obtained for the A-1-1 and B-1-2 transformers are represented in figure 7 .
A current mode operation is obtained below 100 kHz (i.e. the equivalent primary impedance is resistive and constant). The phase is expected to be positive and near +90
• at low frequency. This is observed for the B-1-2 transformer. For the A-1-1 transformer, the observed phase deviates from 90
• due to a deformed output signal. The maximum current flowing through the primary coil is 88 mA (1875 A mm −2 ). This current density is relatively high and needs to be confirmed for the whole set of transformers. However, finding the current density limit implies the destruction of the transformer. Such a test has not been made.
For intermediary frequencies, the output voltage curve is almost flat and the phase curve is close to 0
• . At 1 MHz, the output voltage of the A-1-1 and B-1-2 transformers are respectively 0.69 V and 0.445 V. The ratio of these voltages is equal to the ratio of the number of secondary windings 66/44.
For frequencies above 10 MHz, a resonance occurs. This resonance can be attributed to the influence of an additional capacitor. Typically, a capacitor between the primary and secondary coils shows the limits in operating frequency. In the case of the transformers described here, the spacing between coils is approximately 100 µm. Supposing the whole silicon surface creates a plane capacitor, the calculated value is 1 pF. This value is lower than the probe capacitor. The measured resonance probably comes from the conductor to substrate capacitor and the probe capacitor.
Measurements have been carried out with different resistive loads connected to the secondary coil. The obtained curves are represented in figures 8 and 9.
The resonance does not seem to be affected by the load resistance. Measurements have not been realized above 15 MHz.
Conclusions
A new transformer manufacturing process is proposed. As was expected for thin (1 µm) conductors, tests carried out show high resistance (100 for primary coils) and consequently low efficiency. However, the process validity has been validated. Applied current shows normal (not resonant) operation below 5 MHz. In the range 10 kHz-10 MHz, the unloaded output voltage is proportional to the operating frequency. A resonance appeared for all measured transformers at around 15 MHz and further measurements should be carried out. Work is in progress to fully measure the whole transformer set.
Transformer parameters should be extracted from measurements in order to confirm the estimated coupling factor between primary and secondary windings.
Further work includes the realization of a magnetic sublayer and copper conductors.
